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Structural Member behaviour in case of fire

	Description

	· It is the purpose of this datasheet to summarize the existing knowledge on the topic of the behavior and analysis of structural members in case of fire.

· In this datasheet it is first described the difference analysis and design procedures for elements in case of fire of the more used materials in constructional structural elements. The materials chosen are: concrete, steel and stainless steel, composite, timber and aluminium.
· After this description it will be shown the research contributions from the COST-WG1 members in the study of structural elements in case of fire.


	Field of Application 

	· In the Eurocodes (European standards developed for the safe, economic and normalized design of structures in Europe) it is permitted to elaborate the fire design of structures through theirs members analysis.

· The analysis of isolated structural elements has been the more used type of analysis in the fire design of buildings, due to the fact that it is much more easy and fast to be made, when compared with a global analysis of the structure.


	Technical information and structural aspects

	Here it is explained the alternative methods for the fire design of members according to each different material.
According to the fire design part of Eurocode (EC) when a member is considered isolated indirect fire actions are not considered, except those resulting from thermal gradients. Figure 1 illustrates the alternative fire design procedures, given in EC, using member analysis.

[image: image1]
Figure 1. Design procedure
Members are analysed through the determination of the mechanical actions and boundary conditions, and their behaviour can be predicted using tabulated data given for standard fire only if available, in principle data could be developed for other fire curves. It is possible to use simplified calculation methods for standard fire and parametric fire, however the temperature profiles are given for standard fire only, and material models apply only to heating rates similar to standard fire. In EC only principles for advanced calculation models are given.

In general, the Fire Parts of the Eurocodes allow for advanced calculation methods that provide a realistic analysis of structures exposed to fire. Advanced calculation methods may be applied for the determination of the development and distribution of the temperature within structural members (thermal response model) and the evaluation of the structural behaviour. The thermal response model must be based on the theory of heat transfer and take into account the variation of the thermal properties of the material with temperature, where necessary by using effective thermal properties. Advanced calculation methods for the structural response should take into account the changes of mechanical properties with temperature and also, where relevant, with moisture. 

· 1. Concrete elements design according to Eurocode 2 (EC2) part 1.2 (CEN, 2004)
1.1 Tabulated data

EC2 gives recognised design solutions for the standard fire exposure up to 240 minutes. The tables have been developed on an empirical basis confirmed by experience and theoretical evaluation of tests. The data is derived from approximate conservative assumptions for the more common structural elements and is valid for the whole range of thermal conductivity in EC2. More specific tabulated data can be found in the product standards for some particular types of concrete products or developed, on the basis of the calculation method in accordance with EC2.
For load bearing function (Criterion R), the minimum requirements concerning section sizes and axis distance of steel in the tables follows from:
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where Ed,fi is the design effect of actions in the fire situation; and Rd,fi is the design load-bearing capacity (resistance) in the fire situation.

[image: image3.emf]
Figure 1. Sections through structural members, showing nominal axis distance a
1.2 Simplified calculation method

Simplified cross-section calculation methods may be used to determine the ultimate load bearing capacity of a heated cross section and to compare the capacity with the relevant combination of actions.

Informative Annex B of EC2 provides two alternative methods, B.1 “500°C isotherm method” and B.2 “Zone method” for calculating the resistance to bending moments and axial forces. Second order effects may be included with both models. The two methods are applicable to structures subjected to a standard fire exposure. Method B.1 may be used in conjunction with both standard and parametric fires. Method B.2 is recommended for use with small sections and slender columns but is only valid for standard fires.

For the “500°C isotherm method” it is considered that concrete subjected to temperatures higher than 500°C, do not contribute for the resistant capacity of the element, while the residual transversal section of concrete keeps its initial values of resistance and of elasticity modulus. This method can be applicable with the ISO fire curve and with the parametric curves.
The “Zone method” is more rigorous when compared to the previous mentioned “500°C isotherm method”, in particular on columns. The European standard is applied only to the ISO fire curve. The cross section is divided in a number (n(3) of parallel zones of equal thickness (rectangular elements), for each one it is determined the average temperature as well as the corresponding average compressive strength, fcd(), and the modulus of elasticity (if applicable).

Informative Annex C of EC2 provides a zone method for analysing column sections with significant second order effects. Informative Annex D of EC2 provides a simplified calculation method for shear, torsion and anchorage.

Simplified methods for the design of beams and slabs where the loading is predominantly uniformly distributed and where the design at normal temperature is based on linear analysis may be used. Informative Annex E of EC2 provides a simplified calculation method for the design of beams and slabs.

· 2. Steel and stainless steel elements design according to Eurocode 3 (EC3) part 1.2 (CEN, 2005a)
The tabulated data normally used are based in experimental tests. 
The verifications using the simplify calculation methods with the ISO curve, can be made in the domain of the time, resistance or temperature.

Simple calculation models are simplified design methods for individual members, which are based on conservative assumptions.

The design resistance Rfi,d,t at time t should be determined, usually in the hypothesis of a uniform temperature in the cross-section, by modifying the design resistance for normal temperature design to part 1.1 of EC3 (CEN, 2005b), to take into account the mechanical properties of steel at elevated temperatures.

The load bearing function of a steel and stainless steel structural members shall be assumed to be maintained after a time t in a given fire if:
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where Efi,d is the design effect of actions for the fire design situation, determined in accordance with EN 1991-1-2, (the internal forces and moments Mfi,Ed, Nfi,Ed, Vfi,Ed individually or in combination); and Rfi,d,t is the design resistance of the structural member, for the fire design situation, at time t, (Mfi,t,Rd, Mb,fi,t,Rd, Nfi,t,Rd, Nb,fi,t,Rd, Vfi,t,Rd individually or in combination)
· 3. Composite elements design according to Eurocode 4 (EC4) part 1.2 (CEN, 2005c)

3.1 Tabulated data

The tabulated data refered to member analysis according to EC4 are only valid for the standard fire exposure. The composite members that can be analysed through the tabulated data are: Composite beam comprising steel beam with partial concrete encasement; Composite columns made of totally encased steel sections; Composite columns made of partially encased steel sections; and Composite columns made of concrete filled hollow sections.

[image: image5.emf]
[image: image6.emf]
a)
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b)
Figure 2. a) Composite beam comprising steel beam with no concrete encasement b) Concrete encased profiles
3.2 Simplified calculation method

Composite beams shall be checked for the resistance of critical cross-sections to bending; vertical shear; resistance to longitudinal shear.

In the fire situation, test evidence of composite action between the floor slab and the steel beam is available, beams which for normal conditions are assumed to be non-composite may be assumed to be composite in fire conditions.

The temperature distribution over the cross-section may be determined from test, advanced calculation models or for composite beams comprising steel beams with no concrete encasement, from the simple calculation model.

Regarding composite columns, the simple calculation models shall only be used for columns in braced frames. In all cases limits the relative slenderness λ for normal design, to a maximum of 2.

The cross section of a composite column may be divided into various parts. 

In simple calculation models the design value in the fire situation, of the resistance of composite columns in axial compression (buckling load) should be obtained from the equation:
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where χ is the reduction coefficient for buckling curve c of part 1.1 of EC3 and depending on the relative slenderness λ (θ) and 
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 is the design value of the plastic resistance to axial compression in the fire situation.

· 4. Timber elements design according to Eurocode 5 (EC5) part 1.2 (CEN, 2002) and (König, 2005)
4.1. Simplified rules for determining cross-sectional properties

EN 1995-1-1 gives two alternative methods for the determination of cross sectional properties for the load bearing capacity of beams and columns. The method recommended in the standard is described below.

The reduced cross-section method permitting the designer to use ‘cold’ strength and stiffness properties, takes into account the reduction of strength and stiffness in the heat affected zones by removing a further 7mm thick layer from the residual cross-section. This approach was originally derived for glued laminated beams where the thickness of the zero strength layer was given as 0.3 inch. In EN 1995-1-2 this concept is also applied to small solid timber cross-sections. It is assumed that this zero strength layer is built up linearly with time during the first 20 min of fire exposure, or, in the case of a fire protective layer being applied to the timber member, during the time period until the start of charring. For unprotected members, it takes normally about 20 min to get stabilized temperature profiles in the zone about 40mm below the char layer. Fire tests with protected members have shown that bending stiffness decreases linearly until the start of charring. For simplicity, this linear decrease has been applied to the decrease of the reduced residual cross-section.
[image: image10.emf][image: image11.emf]
a)
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b)
Figure 2. a) Definition of residual cross-section and effective cross-section and b) Reduction of the mechanical properties.
The reduced properties method gives values of kmod,fi for compressive, tensile and bending strengths as well as the modulus of elasticity of members. In the EN 1995-1-2 the relationships for kmod,fi are given as functions of the section factor (that is the ratio of the perimeter to the area of the residual cross-section) in analogy with the method used for unprotected steel sections. The reduction of cross-sectional strength and stiffness properties were derived using test results. For small cross-sections with large section factors (and correspondingly high mean temperatures) the curves were fitted to test results on small solid timber frame members in bending.

4.2. Simplified rules for the analysis of structural members and components
EN 1995-1-2 gives a few rules for structural members (beams, columns) and bracing. The purpose of these rules is mainly to reduce the need for verifications. To give an example, compression perpendicular to the grain may be disregarded. The justification is that these rules have been applied during many years of design practice without any problems, rather than being the result of scientific research.

· 5. Aluminium elements design according to Eurocode 9 (EC9) part 1.2 (CEN, 2006)

The load bearing function of an aluminium structure or structural member shall be assumed to be maintained after a time t in a given fire if:
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where Efi,d is the design effect of actions for the fire design situation, determined in accordance with EN 1991-1-2, (the internal forces and moments Mfi,Ed, Nfi,Ed, Vfi,Ed individually or in combination); and Rfi,d,t is the design resistance of the aluminium structural member, for the fire design situation, at time t, (Mfi,t,Rd, Mb,fi,t,Rd, Nfi,t,Rd, Nb,fi,t,Rd, Vfi,t,Rd individually or in combination).


	Research activity and/or Guidelines

	The main research activities in the domain of structural elements, of the COST C26 members have been the study of: class 4 stainless steel box columns in fire (Uppfeldt and Veljkovic, 2007); steel and stainless steel structural elements in case of fire (Lopes et al, 2008, 2007, 2004), (Vila Real et al, 2007a, 2007b); non-linear modelling of reinforced concrete beams subjected to fire (Gribniak et al, 2007); and some remarks on the simplified design methods for steel and concrete composite beams (Nigro and Cefarelli, 2007). In this section it is made a brief summary of these research works.
· 1. Class 4 stainless steel box columns in fire (Uppfeldt and Veljkovic, 2007)
A study of stainless steel cold-rolled box columns at elevated temperatures is presented, which was a part of a RFCS project “Stainless Steel in Fire”. Experimental results of six, class 4, stub columns at elevated temperature, were used to evaluate the FE model. The FE analysis obtained using the commercially available software, ABAQUS, shows that the critical temperature was closely predicted. Further, a parametric study was performed using the same numerical model. This was a basis to check the quality of prediction of a newly proposed improvement for design rules of class 4 cross-sections in fire according to Part 1.4 and Part 1.2 of EC3 (CEN, 2005d and 2005a), stainless steel and fire design part respectively.

[image: image14.emf]
a)
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b)

Figure 2. Experimental and finite element tests
The comparison between experiments at the elevated temperature and results obtained from FEA indicated that: assumptions made for the influence of the material properties in the corners are realistic; assumptions for the shape and level of the local buckling, b/200, and global imperfections, L/1000, are consistent with assumptions established at ambient temperature.

The design recommendations for class 4 cross sections made of austenitic stainless steel presented are coherent with part1-2 and part1-4 of EC3. The proposed design model is an improvement compared to the design model on EN 1993-1-2.
· 2. Steel and stainless steel structural elements in case of fire (Lopes et al, 2008, 2007, 2004), (Vila Real et al, 2007a, 2007b)
Numerical modelling of the lateral–torsional buckling of steel beams at elevated temperature (Vila Real et al, 2007a) has shown that the beam design curve from EN 1993-1-2 is over-conservative in the case of non- uniform bending. An improved proposal was presented that addresses the issue of the influence of the loading type, the steel grade, the pattern of the residual stresses (hot-rolled or welded sections) and the ratio h/b, between the depth h and the width b of the cross-section on the resistance of the beam, achieving better agreement with the numerical behaviour while maintaining safety. The proposal was found to be safe and accurate through an extensive comparison with the results of FEM numerical simulations of more than 5000 beams. A statistical study of the results was performed, showing the accuracy of the improved proposal. (see figure 3a)
Two new formulae for the design of beam-columns at room temperature have been proposed in EN 1993-1-1 as the result of extensive work by two working groups that followed different approaches, namely, a French-Belgian team and an Austrian-German one. Under fire conditions, in EN 1993-1-2, the proposed formulae for the design of beam-columns in case of fire have not changed and are still based on ENV 1993-1-1. In order to study the possibility of having, in parts 1-1 and 1-2 of the EN version Eurocode 3, the same approach for beam-columns, a numerical investigation was carried out (Lopes et al, 2004), with the conclusion that it is possible to use the formulae from the part 1-1 provided that some factors are modified to consider high temperatures (see figure 3b).
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Figure 3. a) Lateral-torsional buckling of steel beams; b) Interaction curves of steel beam columns c)Lateral-torsional buckling of stainless steel beams; d) Buckling of stainless steel columns
Eurocode 3 states that stainless steel structural members, subjected to high temperatures, must be designed with the same formulae used for carbon steel members. However, as these two materials have different constitutive laws, it is expected that, different formulae for the calculation of member stability should be used for fire design.
New formulae for lateral-torsional buckling (Vila Real et al, 2007b), that approximate better the real behaviour of stainless steel structural elements in case of fire were proposed (see figure 3c), These new formulae were based on numerical simulations using the program SAFIR, which was modified to take into account the material properties of the stainless steel. 

It were evaluated the accuracy and safety of the currently prescribed design rules in part 1.2 of Eurocode 3 for the evaluation of the resistance of stainless steel columns (see figure 3d) and beam-columns (Lopes et al, 2008, 2007). This evaluation was carried out by performing numerical simulations on Class1 and Class 2 stainless steel H-columns. It was considered buckling in the two main cross-section axis and, in the case of the beam-columns, different bending moment diagrams. The results presented shown that Eurocode 3 formulae for the evaluation of the fire resistance of columns and beam-columns need to be improved.

· 3. Non-linear modelling of reinforced concrete beams subjected to fire (Gribniak, 2007)
This work presents a strategy of numerical simulation of reinforced concrete members exposed to high temperatures and subjected to external loading. Finite element modelling of full load-deflection behaviour of experimental reinforced concrete beams reported in the literature has been carried out. A constitutive model based on Eurocode 2 specifications has been used in the analysis. Comparison of numerical simulation and test results has shown reasonable accuracy.
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Figure 4. a)FE model of experimental beam; temperature distribution in a cross section b) at 400ºC c) at 600ºC.
The work deals with numerical modelling of reinforced concrete members exposed to high temperatures and subjected to mechanical loading. Generally the numerical modelling of the behaviour of such members is very complicated. Various factors that influence the behaviour of the members (such as variation of member temperature with time, variation of temperature over the cross section and along the member, temperature effects on material properties, material nonlinearity, section shape, etc) need to be taken into account.
In the present numerical analysis the load-deflection behaviour of reinforced concrete beams subjected to high temperatures (up to 600ºC) has been modelled by the finite element package MSC.Marc. A constitutive model based on specifications of Eurocode 2 has been used in the analysis. Comparison of the experimental and modelling results has shown that MSC.Marc has sactisfactorily captured the load-deflection behaviour of the beams and it can be used for modelling of bearing reinforced concrete tunnel members.

· 4. Some remarks on the simplified design methods for steel and concrete composite beams (Nigro and Cefarelli, 2007)
This work recalls the main characteristics of a general numerical approach to assess the ultimate bearing capacity of steel and concrete composite beams in fire conditions. The behaviour of the composite beams during a standard fire exposure is investigated. It is shown the comparison of resistance between steel beam, composite beam and composite beam with partial concrete encasement. 
The following features affecting the resistance of the composite beam with partial concrete encasement are firstly investigated: influence of the beam dimensions and effectiveness of the reinforcing bars in concrete encasement.


[image: image23]
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Figure 5. Comparison between various types of beams.
Moreover, it is shown a comparison between the general numerical approach and the simplified method proposed in EN 1994-1-2 for evaluating the sagging moment resistance of the composite beam with partial concrete encasement. 

Finally, it is proposed a simplified plastic method for evaluating the sagging moment resistance of the composite beam with partial concrete encasement in fire conditions.
· 5. Others contributions…(to be completed in Vilnius)



	Further developments 

	Here the possible future developments of the WG1 research contributions are described. 

· 1. Steel and stainless steel structural elements in case of fire (Lopes, Vila Real, Simões da Silva and Franssen)

Developing simple design procedure for columns and beam columns in case of fire, that provides safety and economy at the same time, for all stainless steel grades whose material properties at high temperatures are given in part 1.2 of Eurocode 3. Study the behaviour of thin-walled (Class4 cross-sections) stainless steel members in case of fire.
Validate the simplified calculations methods for the evaluation of instability phenomena on aluminium members in case of fire (lateral-torsional buckling, flexural buckling and beam-columns).
· 2. Non-linear modelling of reinforced concrete beams subjected to fire (Gribniak, Bačinskas and Kaklauskas)
Developing a simplified layer (grid) model for non-linear thermo-mechanical analysis of reinforced concrete members.
Verification of the layer model using commercial FE software (DIANA, ATENA, MSC.MARC).
· 3. Others…(to be completed in Vilnius)
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